In the previous paper (2) we reported that a substantial increase in gross cell wall synthesis occurs when oat coleoptile cylinders whose elongation is inhibited by Ca+ + are treated with IAA; this effect of auxin is direct in the sense that it is due to hormone action rather than to the occurrence of elongation. This paper presents information on the components of the cell wall whose synthesis is affected directly by auxin under the conditions of these experiments.
In the previous paper (2) we reported that a substantial increase in gross cell wall synthesis occurs when oat coleoptile cylinders whose elongation is inhibited by Ca+ + are treated with IAA; this effect of auxin is direct in the sense that it is due to hormone action rather than to the occurrence of elongation. This paper presents information on the components of the cell wall whose synthesis is affected directly by auxin under the conditions of these experiments.
Methods
Oats (Avena sativa L. var. Victory) were grown and coleoptile segments 8 leaf was remnoved from within (except in the experiment in table III), and the coleoptile segments were incubated in uniformly C14-labelled glucose solutions, as described previously (2) .
Preparation of Cell Wall Material. Different methods were used in the several experiments described here.
I. In the experiments of tables I and II the whole cell wall material was prepared and counted as described in reference 2.
II. In the experiment of table III, at the end of the incubation in labelled glucose, the coleoptile segments were quickly washed 4 times with ice water, and frozen on solid CO2. They were subsequently thoroughly ground, beginning while still frozen, in a small ice-cold mortar, 2.5 ml of ice water was then added and the grinding continued for about 5 minutes. The slurry, together with about 10 ml of ice water that was used in several small portions to rinse the mortar, was centrifuge(d and the cell wall material was washed twice with cold water (the first washing being added to the original supernatant, this constituting the cold water-soluble fraction), and twice with 100 % ethanol, which was discarded.
The residue (cell wall material) wvas dried in vacuo at room temperature, then extracted twice with 2.5 ml water at 1000 for 1 hour, washed wtih 1.5 ml water at room temperature and with 100 % ethanol.
The cell wall material was transferred to a planchet, and(l by addition of about 1 ml of chloroform, which was used to rinse the centrifuge tube, the material was spread evenly over the surface of the planchet and allowed to dry.
III. The procedure used in the experimlent of table IV was the same as procedure II above except that A) the segments were ground in 2.5 ml of icecold 0.15 M sodium acetate buffer, pH 4.4, rather than water, and B) because of its large amount (about 15 mg), the cell wall material was not sprea(l on a planchet but, after being washecl with ethanol and dried, it was extracted wi,th successive solvents as described in the next section.
Fractionations. I. In the experimlents of tables I ancl II the cell wall material was removed from the planchets, extractecl anId hydrolyzed as described by Ray (9) , except that extraction with hot water was omitted. The sugars were separated from the uronic acidls of each hydrolysate by passing through Dowex-1 (acetate form) and eluting with 6 N acetic acid (10) . Each fraction or an aliquot thereof was evaporated on a planchet and counted.
II. In the experiment of After being counted, each of the above fractions was treated on the planchet 3 tinmes for 1 hour with 1 Ai NH4OH at room temperature, the reagent being evaporated under a stream of warmii air after each treatment [this sufficedl to reduce to a constaint value the activity of extracts of cell wall material of coleoptile segments that had incorporate(I radioactivity from methyl-labelled methionine: see also (7) ]. In the present experiment a (lecrease in activity was detected only with the hot-water-soluble fraction, and is shown as ester groups in table IV (the remaining activity given for this fraction being the residual activity after NH4OH treatment). The cell wall residue was then extracted on the planchet with 0.5 ml of dimethylsulfoxide (Eastman, practical grade) for 5 (lays, then washed with 2 ml water and 2 ml of ethanol. The solvent an(d waslhings were evaporated oIn a planchet.
The air dried residlue was extracted twice on the planchet with 1 ml of 0.5 % ammonium oxalate for 1 hour on a steam bath in a water-saturated atmosphere. 0.5 ml of water being added hlalfway througlh each heating period, then washed with 1 ml of water. Extracts and washings were centrifuged, passed through 3 g of Amberlite IR-120 (H+ form), and an amount of calcium acetate equivalent to the oxalate in the extract was added. Calcium oxalate was removed by centrifugation, washedl once x-ith 0.01 N acetic acid, and the supernatants (ammiiiionium oxalate-soluble fraction) were evaporated oIn a planchet.
The dried residue was extracted on the planchet twice for 40 hours with 4 N KOH at room temperatuire, then washed 3 times with 1.5 ml of water. Extract and washings were centrifuged, passed through 2 g of IR-120 (H+), and dried on a planchet. The residue (a-cellulose) was spread evenly on a planchet a(ld dried.
HII. In the experimlenit of table IV the cold-water- * I2 + and I2 denote iodine-positive and iodine-negative polysaccharides, respectively. Note that in addition to the components listed, about 10 % of glucuronoarabinoxylan is present in the hot water, dimethylsulfoxide and ammonium oxalate-soluble fractions. Some galacturonic acid is obtained from the 4 N KOH soluble fraction but appears to be associated with glucuronoarabinoxylans. ** Sum of last 4 fractions as percent of activity previously found in residue after hot-water extractions. Values above 100 %o are due to self-absorption (about 10 %) by the unfractionated preparations.
soluble fraction was made 80 % in ethanol and kept 3 days at 4°. The precipitate (cold-water-soluble polysaccharides) was washed 4 times with 95 % ethanol. The cell wall material was extracted successively with hot water (twice with 5 ml for 1 hour at 1000), dimethylsulfoxide (3 ml for 4 days at room temperature), 0.5 % ammonium oxalate (twice with 3 ml for 2.5 hours at 1000), and 4N KOH (twice under N2 with 2 ml for a total of 30 hours at room temperature). Polysaccharides were recovered from the extracts by precipitation with 80 % ethanol (in the case of the KOH extract, after neutralization with acetic acid), or, with the dimethylsulfoxide extract, by evaporation of the solvent in a vacuum desiccator under a heat lamp. Each polysaccharide fraction, or an aliquot thereof, and an aliquot of the alcohol-soluble material after precipitation of cold-water-soluble polysaccharides, was dried down on a planchet and counted.
The cold-water-soluble polysaccharide fraction and the hot-water and ammonium oxalate extracts of the cell wall material were then treated with 0.5 % EDTA (sodium salt, pH 11.5); after 1 hour the pH was brought to about 5 with acetic acid, and freshly dialyzed commercial pectinase (Nutritional Biochemicals Corporation) was added (0.2 % final concentration). After 5 hours at room temperature each sample was passed through Dowex-1-acetate, and adsorbed acids were eluted with 6 N acetic acid. The material not adsorbed on Dowex-1 in the foregoing step, all remaining cell wall extracts, and a sample of the residue (a-cellulose) that had been dissolved in 72 % H2SO4, were then hydrolyzed with 1 N H2S04 for 6 hours, and separated into neutral and acidic fractions with Dowex-1-acetate (10) .
An aliquot of the alcohol-soluble fraction (after precipitation of cold-water-soluble polysaccharides) was passed through Dowex 50 (H+) and Dowex 1 (acetate form) to remove amino acids and organic acids. These latter were eluted with formic acid and counted. The sugar fraction, which contained almost all of the alcohol-soluble radioactiviity, was chromatographed (see below).
Separation and Determination of Sugars and Uronic Acids. Paper chromatography was used to separate individual sugars (9) 12.7 ± 7.6 14.3 ± 6.8 17.1 ± 2.2 53.8 ± 2.4 19.0 ± 4.4 * Constituents were isolated from one-tenth of the sample in the case of 4 N KOH extracts, one-twelfth in the case of the alcohol soluble, about 15 %o in the case of the a-cellulose, and the entire sample in the remaining instances.
All yields shown are calculated for the entire sample. Galacturonic acid and galacturonosyl-(1-> 2) rhamnose were isolated from pectinase hydrolysates, the remaining constituents were obtained from H2SO4 hydrolysates, except for the alcohol-soluble sugars. ** Due to accident, means are based on duplicate rather than triplicate samples.
*
As explained in Methods, the identity of the compound is doubtful, so the figures for total activity (which varied greatly among the replicates) are given. figure 1 . The labelled compounds were eluted on to planchets with water, dried and counted. They were then dissolved and made up to a known volume with water, and aliquots (or the whole sample in the case of some minor components) were taken for determ,ination, sugars according to (9) and uronic acids by the boraxcarbazole method (3) according to (10) . Replicate determinations of each sample were run insofar as the amount permitted, and the mean of the determinations, minus a paper blank similarly eluted and determined (9) , was used to find the specific activity of the sample.
In the experiment of hexose and glucuronosylxylose, so it was evidently mainly glucuronoarabinoxylan that had probably been partly degraded by pectinase (10) . In the case of the pectinase hydrolysate of the cold-water-soluble, alcohol-insoluble fraction, the labelled compound that was detected in the position where galacturonic acid was expected ran slightly slower than known galacturonic acid on the guide strips and gave a negligible reaction (equivalent to less than 3 ,ug) in the carbazole determination. The apparent specific activity of this compound, if it were galacturonic acid, would have been at least 100 cpm per ,Fg, which is far out of line with Table I shows the effect of IAA on the incorporation of radioactivity into extractable fractions of the cell wall material of oat coleoptile segments whose elongation was inhibited by Ca+ +. The 0.025 M HRSO4-soluble and the 4 N KOH-soluble fractions, which consist mainly of hemicelluloses, comprise the matrix portion of the cell wall; the 72 % HSO4-soluble fraction is the a-cellulose (ithe microfibrillar portion).
Auxin caused a definite promotion of incorporation into the matrix fractions. The promotion was about the same in the sugar fraction and uronic acid fraction of the dilute-acid-soluble material, and in the sugar fraction of the alkali-soluble material, viz., 23 %, 20 % and 24 % respectively. In contrast to the matrix fractions, auxin caused an insignificant promotion of incorporation into the a-cellulose fraction.
The specific activity of the individual sugars and uronic acids that were isolated from the different fractions in this experiment are also shown in table I. The specific activiti-es of all components were increased by IAA except for the glucose of the a-cellulose fraction.
Comptparison Betweon, Elongatiug and Ca+ +-Inhibited Segmnents. Table II gives data on cell wall incorporation by uninhibited as compared with Ca+ +-inhibited segments with and without IAA. As noted in the previously discussed experiment, IAA did not cause a significant increase of incorporation into acellulose in the Ca+ +-inhibited segments. However, IAA caused a large promotion of incorporation in all cell wall fractions of uninhibited segments, including a-cellulose. This latter result agrees with the finding that during wall synthesis by uninhibited coleoptile segments given glucose with or without IAA, the percentage a-cellulose in the cell wall remains approximately constant (8) . After treatment with Ca+ +, the amount of activity found in the cold-water, hot-water andi ammiiioniumii oxalate-soluble fractions of segments not given IAA was substantially less than in control segments (glucose only). This does not necessarily mean that Ca+ + inhibited incorporation into the polysaccharides normally extracted by these solvents, because it is quite possible that treatment wvith Ca++ altered the solubility of some polysaccharides or polyuronides.
Fractionation of Tissufe after 2-Hour Incubation in Labelled Glucose. The experiment whose results are given in table IV was performed to obtain detailed information about the relation between cell wall incorporation and uptake into the alcohol-soluble fraction during incubation in labelled glucose, and about the effect on cell wall metabolism of a short treatment with auxin. The data also afford evidence for the composition of the various fractions exanmined in table III, although the figures should not be considered a quantitative analysis since recoveries were rather poor in some cases and data on minor constituents are not reportecl (more complete analyses of oat coleoptile polysacclharides will be published elsewhere).
In this experiment, 6 samples of 100 coleoptile segments each were incubated 1 hour in labelled glucose only, IAA was then added to 3 of the samples and incubation in labelled glucose was continued (with or without IAA) for a second hour. Table IV shows A) the total activity found in the alcohol-soluble fraction, in cold-water-soluble polysaccharides and in the extracted cell-wall fractions, and B) the amounts and specific activities of the principal constituents isolatecI from. each fraction, after hydrolysis in the case of all but the alcohol-soluble fraction. Glucose was also isolated from the incubation medium and its specific activity was determined by the same method.
In 2 wvays the (lata of table IV demonstrate the existence of internal compartmentation of coleoptile tissue, with respect to substrates for polysaccharide formation. First, the specific activity of glucose that was isolated from cold-water-soluble glucan was higher than the specific activity of glucose in the alcohol-soluble fraction. Second, the specific activities of glucose isolated from the major cell wall polysaccharide fractions were about 40 % or more of the specific activity of alcohol-soluble glucose, even though the major polysaccharides could not have increased in amount by more than 5 % during 2 hours (8, 9) . Since the mean specific activity of alcohol-soluble glucose cluring the periiod was no more than half the final value (the initial value being zero), it is certain that the glucose of major cell wvall polysaccharides was not lrawn froim the glucose in the bulk of the alcohol-.soluble fraction.
Specific activity varied markedly among different constituent monosaccharides anti uronic acids. This nmay have been because either A) during much of the 2-lhour period, isotope equilibrium had not yet been established on the pathway to cell wall constituents, or B) the composition of the new cell wall material was tlifferent from that of the wall material already present. The latter seemls unlikely because it appears that the composition of the cell wvall remlains approximately constant dluring growth of oat coleoptile segments (8, 9) . However, the specific activity of a giveni monosaccharide also differed widely in different extractable fractions of the wall, which might suggest explanation B. But alternate explanations are C) there is compartmentation of the pathways leading to dlifferent polysaccharicles and the time required to attain isotope equilibrium differs for different polysaccharides even when they contain the same monomer unit, and D) the solubility characteristics of the original cell wall polysaccharides are changing with tinme.
In the case of arabinose, xylose and glucuronosylxvlose of the 4 N KOH-soluble fraction, these units are known to be constituents of a single polysacchari(le (11) , and it seems necessary to invoke questions of isotope equilibration (A) to explain the data.
While the precision of the data is certainly sufficient to establish the differences in specific activity discussed above, the situation is otherwise with respect to the effect of treatment with IAA procedures and to the analytical errors involved in specific activity determinations.) However, the mean incorporation was greater in IAA by about 10 % in the cold-water-soluble, hotwvater-soluble, and alkali-soluble fractions, and the specific activities of major constituents isolated from these fractions were for the most part increased in about the same proportion. The general trend of increased incorporation in the IAA-treated samples is consistent enough, we feel, to warrant the conclusion that a posi.tive effect of IAA was detected. Considering that this effect could not have existed for more than half the period of exposure to labelled glucose (the other half being the pretreatment period with glucose alone) it appears that IAA may have increased the rate of incorporation by as much as 20 %o during the period of treatment.
Discussion
These data indicate that the direct promotion of wall synthesis by auxin, seen in the presence of Ca+ +, is of a rather general nature, not confined to a particular solubility fraction or to individual sugar or uronic acid components. The effect of auxin is detected throughout the components of the cell wall matrix and is lacking only in the glucose of the 72 % H.SO4-soluble fraction (a-cellulose), i.e., the microfibrillar part of the cell wall.
The auxin-induced increases in incorporation demonstrated here for glucose from matrix polysaccharides on the one hand and for galactose, arabinose, xylose and xylose-containing aldobiouronic acids on the other hand, show that auxin promotes the synthesis of bo,th the matrix ,6-glucan and the glucuronoarabinoxylan, which are the major species of polysaccharides that have been isolated from the hemicellulose fraction (11) .
As a result of this work it is no longer necessary to regard the promotion of incorporation of radioactivity into methyl ester groups and galacturonic acid of cold-water-soluble and hot-water-soluble polysaccharide fractions as the sole chemically characterized effect of auxin on the cell wall (1). It is worth noting that although the direct effect of auxin on synthesis of matrix polysaccharides as a whole is, by percent, of the same magnitude as the previously demonstrated (1, 4, 5, 6, 7) effect on incorporation into hot-and cold-water-soluble pectin, in absolute magnitude the presently examined effect is enormously greater, simply because the components that are involved constitute a very much larger proportion of the cell wall.
According to Albersheim and Bonner (1) and Cleland (4) the hot-and cold-water-soluble uronic anhydride totals 0. (2) ], that isotope equilibrium would be attained within 1 hour on the pathway from glucose to cell wall material. However, the various possible explanations listed above for features of the specific activity data in table IV indicate that an influence of isotope dilution effeots on the results cannot be rigidly excluded even after 1-hour pretreatment. Moreover it is easily possible that the intracellar route through which auxin promotes wall synthesis involves compartments other than those utilized in the cell wall synthesis that takes place without auxin, in which case isotopic equilibrium might be reached more slowly with respect to the IAA-promoted fraction of wall synthesis than in the remainder.
Summary
The auxin-induced promotion of cell wall synthesis in oat coleoptile segments whose elongation is inhibited by Ca+ +, is a general promotion of synthesis of matrix polysaccharides including glucan, glucuronoarabinoxylan, and polysaccharides containing galacturonic acid. Synthesis of a-cellulose glucan is not promoted. By contrast, promotion by auxin of elongation of uninhibited segments is accompanied by large increases in synthesis of all polysaccharide fractions including a-cellulose. It is concluded that the direct effect of auxin is probably on metabolism of matrix polysacchlar,ides and that the promotion of a-cellulose synthesis is induced by elongation.
Fractionation of coleoptile tissue after 1-hour treatment with auxin does not show differences in incorporation as large as are observed after several hours of treatment. However, the data also demonstrate features of internal compartmentation of the tissue that restrict the interpretation of radioisotope experiments of short duration.
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